Runoff water following a rain event is one possible source of environmental contamination after a manure application. Th is greenhouse study used a rainfall simulator to determine bacterial-associated runoff from troughs of common bermudagrass [Cynodon dactylon (L.) Pers.] that were treated with P-based, N-based, and N plus lime rates of poultry (Gallus gallus) litter, recommended inorganic fertilizer, and control. Total heterotrophic plate count (HPC) bacteria, total and thermotolerant coliforms, enterococci, staphylococci, Clostridium perfringens, Salmonella, and Campylobacter, as well as antibiotic resistance profi les for the staphylococci and enterococci isolates were all monitored in runoff waters. Analysis following fi ve rainfall events indicated that staphylococci, enterococci, and clostridia levels were related to manure application rate. Runoff release of staphylococci, enterococci, and C. perfringens were approximately 3 to 6 log 10 greater in litter vs. control treatment. In addition, traditional indicators such as thermotolerant and total coliforms performed poorly as fecal indicators. Some isolated enterococci demonstrated increased antibiotic resistance to polymixin b and/or select aminoglyocosides, while many staphylococci were susceptible to most antimicrobials tested. Results indicated poultry litter application can lead to microbial runoff following simulated rain events. Future studies should focus on the use of staphylococci, enterococci, and C. perfringens as indicators.
Rainfall Simulation in Greenhouse Microcosms to Assess Bacterial-Associated Runoff from Land-Applied Poultry Litter
John P. Brooks,* Ardeshir Adeli, John J. Read, and Michael R. McLaughlin USDA-ARS M any environmental concerns involving land application of manure or municipal wastes have revolved around nutrient limiting factors. For instance, when broiler litter is applied to meet crop N requirements, P can be over applied in certain environments (Adeli et al., 2006) . Th is and subsequent rain-induced runoff of N and P, has led to the eutrophication of streams and lakes throughout the country (Sharpley et al., 1993; Pote et al., 2003; Schroeder et al., 2004; Maguire et al., 2006) . In addition, large-scale rain events have been linked to signifi cant decreases in surface water quality, and as such, waterborne illnesses have been attributed to these events (MacKenzie et al., 1994; Hoxie et al., 1997; Curriero et al., 2001; Kistemann et al., 2002; Hrudey et al., 2003) . It has been estimated that 51% of waterborne disease outbreaks were preceded by some form of precipitation event (Curriero et al., 2001; Hrudey et al., 2003) . Results of a 2002 survey indicated that nearly half of the rivers and streams surveyed were compromised, and the number two and fi ve impairments were pathogens and nutrients, respectively (USEPA, 2007) . While the study noted present-day agricultural practices contributed most to these impairments, it has been suggested many of these waterways can be rectifi ed through the use of vegetative buff ers and fertilizer applications based on P rates (Th urston-Enriquez et al., 2005; Adeli et al., 2006; Tate et al., 2006) .
A related public concern is the potential presence of "frank" (causing disease in both immune-competent and compromised hosts) pathogenic and/or antibiotic resistant bacteria in both municipal and animal wastes (Mawdsley et al., 1995; Pell 1997; Sapkota et al., 2007) , which is due in part to the highly publicized Escherichia coli O15:H7 and Salmonella spinach (Spinacia oleracea L.), lettuce (Lactuca sativa L.), and tomato (Lycopersicon esculentum Mill.) contamination(s) (USFDA, 2006a (USFDA, , 2006b (USFDA, , 2007a (USFDA, , 2007b . Although many of these contamination events have no clear point source, potential sources are the application of animal manures in traditional farming operations, concentrated animal feeding operations (CAFO), or wild or domestic animals (Collins 2004; Mukherjee et al., 2007; Sapkota et al., 2007) .
It is widely known that animal manure contains pathogenic bacteria, viruses, and parasites (Mawdsley et al., 1995; Pell, 1997) .
Poultry litter microbial quality has been reported to range from approximately 9 log 10 cfu g −1 of aerobic culturable bacteria to as high as 11 log 10 cfu g −1 (Terzich et al., 2000; Lu et al., 2003; Fries et al., 2005) . Among these groups and phyla exist many potential animal and human bacterial pathogens, including but not limited to members of the genera Staphylococcus, Clostridium, Listeria, Escherichia, Salmonella, Campylobacter, and Enterococcus. In addition to the concern associated with pathogens, the rising incidence of bacterial antibiotic resistance and its' potential association with animal rearing practices has become of increased interest (Kelley et al., 1998) , although potential for dissemination due to runoff is still unknown.
In many studies of rainfall and agricultural runoff , manure has been found to contribute signifi cantly to microbial runoff loads. Th urston-Enriquez et al. (2005) recently reported that following simulated rainfall, large numbers of bacterial and protozoan pathogenic and fecal indicator runoff loads could be attributed to manure land application; however, changes in agronomic and agricultural practices may help to mitigate this problem (HeinonenTanski and Uusi-Kamppa, 2001; Tate et al., 2006) .
In the present study, manure was provided as an organic fertilizer source to determine the potential for bacterial-associated runoff from poultry litter. An artifi cial rain simulator was used under greenhouse conditions to determine the quantity and quality of microbial rain runoff following simulated rain events. Additionally, this study will demonstrate antibiograms associated with commonly isolated bacteria from poultry litter and litter-impacted land to determine the potential for runoff . Ultimately, this study will aid in determining suitable microbial indicators of poultry-associated rain runoff .
Materials and Methods

Soil
Soil troughs made from PVC cylinders cut in half lengthwise and measuring 146 by 18.7 cm (0.273 m 2 ) were packed with a Marietta silt-loam soil collected from the Mississippi State University South Farm. Th e soil was characterized as a fi ne-loamy, siliceous, active, thermic Fluvaquentic Eutrudepts soil with physical and chemical characteristics listed in Table 1 . Th e soil was homogenized via sifting through a 2.54-cm nominal sized sieve before packing. Common bermudagrass [Cynodon dactylon (L.) Pers.] was allowed to establish in these troughs for 3 mo before application of litter and inorganic fertilizer treatments. Troughs were kept in a greenhouse (100 × 25 ft) located at the USDA-ARS Mississippi State University site from December 2006 through February 2007 and daylength (extended by 2 h) and climate were regulated using heat lamps and fans to maintain optimal grass growth. All climate data ( Fig. 1 ) was logged using a HOBO H21-002 microstation logger (Onset Computer Corp., Bourne, MA).
Soil samples were collected at the onset and termination of the entire set of rain events, thus one set of samples were collected on Day 0, and another set on Day 27. Th ese samples were individually homogenized by sieving through a 2-mm Tyler sieve. Soil moisture contents were assessed by drying at 104°C for 24 to 48 h. Before conducting microbial analyses, 10 g of soil was suspended in 95 mL of sterile physiological saline (0.85% NaCl), homogenized (stomached) in an Interscience BagMixer (Interscience; St. Nom, France), and diluted for bacterial analysis. Microbial characteristics for soil are shown in Fig. 2 .
Poultry Litter
Poultry litter was collected from a nearby cooperator farm. Litter was comprised of pine wood shavings and poultry manure collected from a single broiler house, housing approximately 20,000 broilers fl ock −1 and approximately 5.5 fl ocks yr −1
. It was stored outdoors for 7 d in the dark at approximately 10°C and homogenized via 10, 10 s pulses in a blender to create a homogenous material that could be applied uniformly to the soil surface. Physical and chemical characteristics for the applied poultry litter are listed in Table 1 . Applied poultry litter was analyzed at the beginning of the study to determine microbial composition. Before conducting microbial analyses, 10 g of poultry litter was suspended in 95 mL of sterile physiological saline, stomached as described above, and diluted for analysis. Litter moisture was assessed as described for soil. Microbial characteristics for applied poultry litter are shown in Fig. 2 .
Experimental Design
Treatments Th e litter treatments comprised: (i) a high litter rate 3.14 × 10 2 kg ha −1 N (18 Mg poultry litter ha ), which was amended with inorganic NH 4 NO 3 fertilizer to provide N at a rate equivalent to the high litter rate. Th ese three treatments are hereafter referred to as N, L, and P, respectively. A fourth treatment, F, was provided to control troughs using inorganic fertilizer rates that matched the previously defi ned 3.14 × 10 2 kg N and 8.51 × 10 1 kg P ha −1 litter treatments. An unfertilized (neither organic nor inorganic) control treatment, C, was also implemented. Treatment troughs (N, L, P, F, and C) were replicated in triplicate and placed onto carts in a complete randomized block design.
Rain Simulations
"Rain" was generated via the use of a rain simulator constructed based on a previous design (Miller, 1987) and operated at 27 mm h −1
. Troughs were tilted lengthwise to approximate a slope of 3% and rained on equally from a height of 2.5 m. Rain events were as follows: 1, 5, 11, 18, and 26 d post application of litter, each lasting approximately 30 min; this was found to be the minimal volume and time necessary to generate runoff . Rain water consisted of tap water which was dechlorinated by passing through a charcoal fi lter and fi ltered for large and submicrometer debris. Each day between rain events, the runoff troughs were wetted with 0.5 L of "rain" water to prevent soil constriction, thus preventing the creation of alternative preferential fl ow patterns.
Runoff Water Collection
Each trough was constructed with a stainless steel runoff collector at soil level on the lower end. Welded to the bottom of each collector was a stainless steel nipple from which runoff could be collected. Rain runoff began approximately 20 min. after the onset of each rain event and continued for 1 min after termination. Runoff water was directed from the nipple through sterile Tygon tubing (Saint-Gobain Performance Plastics; Beaverton, MI) to a sterile 1-L sample bottle. One sample was collected from each replicate treatment trough during each rain event. Total sample volumes were recorded, and bottles were immediately transported to the laboratory for microbial analysis.
Microbial Parameters
Runoff water samples collected from each replicate treatment, following each rain event, were analyzed for microbial content including: heterotrophic plate count bacteria (HPC), thermotolerant coliforms, total coliforms, Staphylococcus, Enterococcus, and Clostridium perfringens. Single assays for each organism or set of organisms were conducted on each replicate sample. Heterotrophic bacteria were analyzed in duplicate by spread plating 0.1 mL of an appropriate dilution on Reasoners 2 Agar (R2A) (NeogenAccumedia; Lansing, MI) and incubating for 2 h at 35°C, followed by 7 to 14 d at room temperature. Total and thermotolerant coliforms were analyzed via membrane fi ltration by plating an appropriate dilution to mEndo (BD Difco; Franklin Lakes, NJ) and mFC agar (Neogen-Accumedia) and incubating at 35 and 44.5°C for 24 h, respectively. Staphylococci were assayed in duplicate by spread plating 0.1 mL of an appropriate dilution on manitol salt agar (MSA) (Neogen-Accumedia) incubated at 35°C for 24 to 48 h. Enterococci were quantifi ed by membrane fi ltration on mEnterococcus agar (Neogen-Accumedia) incubated at 35°C for 24 h, followed by subsequent transfer of the membrane to bile-esculin agar (Neogen-Accumedia) and incubation for an additional hour at 35°C. Staphylococci and enterococci were presumptively confi rmed using Gram stain, in which 10% of plate colonies were stained and viewed microscopically for the presence of gram positive staphylococci or streptococci, respectively. Presumptive Clostridium perfringens were quantifi ed using the membrane fi ltration method of Arnon and Payment (1988) . Briefl y, diluted samples were heated to 70°C for 10 min. followed by membrane fi ltration and subsequent transfer to mCP agar (Neogen-Accumedia). Samples were incubated at 44.5°C for 24 h under anaerobic conditions established by an Anoxomat gas generation system (Mart Microbiology, Lichtenvoorde, the Netherlands). Approximately 10% of plate colonies were presumptively confi rmed by isolating each to 5% sheep (Ovis aries) blood (Hema Resources & Supply; Willamette Valley, OR) tryptic soy agar (BD-Difco), anaerobically incubating at 44.5°C, and noting the characteristic double zone of hemolysis. Soil and poultry litter samples were analyzed for microbial indicators as described for runoff water samples with the exception that a three-tube, three-dilution most probable number (MPN) method was used to determine the presence of total and thermotolerant coliforms and Escherichia coli. Th e MPN consisted of 1.0, 0.1, 0.01 g, or appropriate dilutions of soil or poultry litter added to lactose tryptose broth (BDDifco) tubes with Durham tubes and incubated at 35°C for 24 h. Following incubation, 0.1 mL of each positive tube was transferred to brilliant green lactose broth (BGLB) (BD-Difco) tubes with Durham tubes and incubated at 35°C for 24 h. Positive tubes were then transferred (0.1 mL) to EC-Mug (BD-Difco) broth tubes with Durham tubes and incubated at 44.5°C for 24 h. Th e MPN values for total and thermotolerant coliforms were assessed by calculating positive BGLB and EC-Mug tubes, respectively. Presumptive E. coli MPN values were calculated based on positive EC-Mug tubes which exhibited β-glucoronidase activity assessed by exposing turbid gasproducing tubes to ultraviolet light and noting the production of fl uorescence.
Salmonella and Campylobacter
Poultry litter and soil samples (Day 0) were also assayed for the presence of Salmonella and Campylobacter. Salmonella was enumerated using a three-dilution three-tube MPN (American Public Health Association, 1998), in which 1.0, 0.1, and 0.01 g of solid material was suspended in buff ered peptone water and incubated at 35°C and incubated overnight. An aliquot (0.5 mL) was transferred from each tube to Rappaport-Vassiliadis R10 broth (BD-Difco) and incubated at 42°C for 24 h. Positive tubes were further transferred (0.1 mL × 3) to six-well cell culture plates (Th ermo Fisher Scientifi c-Nunc, Rochester, NY) containing modifi ed semisolid Rappaport-Vassiliadis agar (BD-Difco). Positive samples would have been transferred to Hektoen Enteric agar (BD-Difco) and further characterized, however, neither applied poultry litter nor soil samples were positive for Salmonella.
Campylobacter was enumerated using a three-dilution threetube MPN (USFDA, 2001) , where 1.0, 0.1, and 0.01 g of solid material was suspended in Campylobacter Enrichment broth (Neogen-Accumedia) and incubated microaerophillically at 35°C for 4 h, then at 42°C for 44 h. Positive tubes would have been streaked for isolation onto 5% sheep blood tryptic soy agar plates and incubated microaerophillically at 42°C for 48 h. Microaerophillic conditions were met through the use of the Anoxomat gas system. Applied poultry litter or soil samples were not positive for Campylobacter. 
Antibiogram
Antibiotic-resistant bacteria (ARB) were characterized using the Kirby-Bauer swab method (Bauer et al., 1966) . Briefl y three typical random isolates from mFC or EC/MUG, mEnterococcus, and MSA were isolated from each sample and subjected to antibiotic resistance testing. Th e antibiogram consisted of 12 antibiotics encompassing a broad range of classes and antibiotic effectiveness (Table 2) . Samples were plated to either Mueller Hinton or Tryptic Soy Agar 150 mm Petri dishes and were stamped with BBL Sensi-disc (Becton Dickinson Co., Sparks, MD) antibiotics using a BBL antibiotic disc dispenser (BD-BBL). All isolates were incubated at 35°C for 16 to 24 h, and zones of inhibition (mm) were manually measured.
Statistics and Analysis
Total microbial runoff (TMR, cfu plot ).
TMR = (C) (T)
Before statistical analysis all microbial parameter values for each replicate trough were log 10 transformed to achieve normal distribution. Geometric means were calculated for each set (C, F, N, P, and L) of three replicate troughs per rain event after log 10 transformation. Th e general linear model (GLM) for a completely random design was used to analyze runoff mean values for each microbial parameter (HPC, total and thermotolerant coliforms, Staphylococcus, Enterococcus, and Clostridium perfringens). Th e GLM compared manure treatment (C, F, N, P, and L) × rain event (1, 5, 11, 18, and 26) and determined the signifi cance of these interactions. Runoff mean values, for each measured microbial parameter per rain event day, were then compared to ascertain diff erences between TMR related to treatment. Residuals were normally distributed and the protected Fisher's least signifi cant diff erence (LSD) test was used to determine signifi cant diff erences. Chi-square analysis was used to determine signifi cant diff erences in antibiotic resistance rates between control (C and F) and litter (N, P, and L) plots, for staphylococci and enterococci isolates collected from runoff samples. Before chi-square analysis, staphylococci and enterococci isolate antibiotic resistant rates were composited into control and litter runoff groups for all respective rain events. Th e Minitab Statistical Analysis Software Package Version 15 (Minitab, 2007) 
Results
Soil and Litter
Microbial quality of applied poultry litter and soil collected pre-and post-application are presented in Fig. 2 . Soil collected at the application (Day 0), contained HPC, total coliforms, thermotolerant coliforms, staphylococci, enterococci, and C. perfringens at levels approximately 6 log 10 , 0 log 10 , 0 log 10 , 5 log 10 , below detection limits (BDL), and BDL, respectively. Concentrations in the applied poultry litter, the day of application, were approximately 11 log 10 , 3 log 10 , 3 log 10 , 9 log 10 , 6 log 10 , and 6 log 10 cfu or mpn g −1 , respectively. Following land application of litter and all fi ve rain events, only enterococci and C. perfringens levels were increased in soil treated with litter, to 2 and 4 log 10 cfu g −1 , respectively. All other levels remained statistically similar to prelitter levels.
Heterotrophic Plate Count-Total Microbial Release
Results for total microbial runoff (TMR) are presented in Fig. 3 through Fig. 8 . Overall it was determined that TMR for HPC bacteria collected on Day 1 ranged from about 8 log 10 cfu plot −1 in controls to about 11 log 10 in the litter treatments (Fig.  3) . Th e concentration of HPC bacteria decreased steadily with each successive rainfall event in all litter treatments; whereas, the concentrations in control treatments remained statistically similar throughout the study.
Total and Thermotolerant Coliforms-Total Microbial Release
In general, total coliform levels were erratic throughout the study period, with TMR concentrations ranging from 10 4 to nearly 10 8 cfu plot −1 for Day 1, however, by Day 5 concentrations decreased to at or below detection limits for N and L treatments (Fig. 4) . By Day 26 all litter treatments were statistically lower than the control treatments. Th ermotolerant coliform levels (Fig. 5 ) were found to be statistically similar for C, F, N, and L treatments at all time points. Levels began to decrease for all treatments by Day 5 and proceeded to decrease to at or below detection limits by Day 11.
Staphylococcus, Enterococcus, and Clostridium perfringens-Total Microbial Release
With the exception of Day 26, staphylococci TMR levels in runoff water from litter treatments were statistically greater than the two control treatments (Fig. 6 ). Starting runoff (Day 1) concentrations for all three litter treatments began 2 to 3 log 10 higher than control treatments, and continued through Day 18, when concentrations began to reach similar levels in all treatments. Enterococcus TMR concentrations followed a similar trend (Fig. 7) . All litter treatment TMR levels on Day 1 were fi ve to six orders of magnitude greater than control levels, which were at or below detection limits, and remained so throughout the study. Clostridium perfringens followed a trend similar to that observed for Enterococcus, with concentrations 4 to 8 log 10 higher in litter treatments than the control treatments from the onset of the study and decreasing to remain 4 log 10 higher by Day 26 (Fig. 8) . In contrast, litter staphylococci levels decreased and approached control levels by the end of the study.
Antibiotic Resistant Bacteria
Antibiotic resistant bacterial profi les for Staphylococcus and Enterococcus isolates, grouped by control and litter application treatments and resistance to antibiotic groups and separate antibiotics are presented in Tables 2 and 3 . Only a small percentage of staphylococci and enterococci isolates were resistant to more than six groups of antibiotics. Th e majority of staphylococci isolates were susceptible to all antibiotics tested, and the majority of enterococci isolates were resistant to no more than two antibiotic groups. Most enterococci isolates were resistant to polymixin B and/or at least one of the aminoglycosides tested. Chi-square analysis revealed that litter application increased overall runoff isolate resistance to at least one of the antibiotic classes.
Discussion
As expected, poultry litter released signifi cant numbers and types of microorganisms to runoff following simulated rain events. Th ese rain events were created such that runoff would occur and the runoff samples were collected directly from the edge of the runoff trough which may limit implications for surface water contamination. Any plot which received litter shed more indicator bacteria than control plots, with the exception of total and thermotolerant coliforms. Th is demonstrated, as in other related studies, the futility associated with coliforms as a bacterial group indicator of fecal contamination (Rivera et al., 1988; Th urston-Enriquez et al., 2005) . As shown in other studies, the coliform indicator bacteria can establish themselves in an environment given minimal organic matter and moisture (Rivera et al., 1988) . In this study it is possible to assume that some coliforms would be capable to establish and grow over time in the soil, since the soil used in this study was collected from an agricultural site and was not sterilized before use; this may have contributed to the uneven runoff patterns associated with coliforms. All other indicator bacteria, including HPC, proved to be more useful than coliforms. Th e presence of Clostridium perfringens in runoff water and a strong relationship with litter application provides evidence of an eff ective indicator of fecal contamination with regard to poultry litter. Clostridia, however, are spore-forming bacteria and their die-off rate may be too slow for accurate indication of a recent fecal contamination event. In addi- tion to C. perfringens, enterococci and staphylococci proved to be adequate indicators of litter application and contamination of rain runoff . Th e relatively high levels of Staphylococcus (staphylococci) found in poultry litter ( > 8 log 10 cfu g −1 or approximately 90% of culturable bacteria) suggest it might be useful as an indicator of litter contamination, but its ubiquitous presence in nature may prohibit such use; the presence of relatively high staphylococci levels in control and inorganic fertilizer treatments is testament to this. Enterococcus (enterococci), on the other hand, have been used as indicators of fecal contamination from human and animal manure sources (Cabelli et al., 1982; Borrego et al., 1983; Dufour 1984; Stinton et al., 1993) . In the present study, enterococci were present in the applied litter at 10 6 cfu g −1
, and would appear to be a good indicator of litter-contaminated runoff water. As opposed to Clostridium, Enterococcus is not a spore-forming genus, and would better approximate the die-off rate of bacterial pathogens associated with litter. However C. perfringens may be better suited as an indicator of common poultry litter protozoan parasites. Th is has been suggested for study involving dairy manure (Th urstonEnriquez et al., 2005) .
Th e diff erences in poultry litter-borne bacteria in the runoff between litter treatments were not discernible. Regardless of litter rate, indicator bacteria released from all litter treatments were similar in TMR concentrations. Moreover, the lime (CaO) L treatment, did not diff er from the N treatment, on which its gross application was based. Th is may have been because the lime did not adequately mix well with the litter, as it was present in a powder form and was added the morning of litter application. Perhaps a liquid lime addition or an earlier lime application and incorporation may have been more adequate. Typical lime additions to waste products, such as biosolids, can yield reductions in bacteria upward of 2 to 3 log 10 following a 2 h incubation (Epstein, 2003; USEPA, 2003) . Maguire et al. (2006) conducted a brief study in which poultry litter was amended with lime before application. Th is addition yielded a reduction in bacteria upward of 1 order of magnitude. Th is treatment option still warrants more research. Poultry litter can also be stored to reduce the presence of frank pathogens such as Salmonella and Campylobacter. Th e present study supports this simple and cost-eff ective method, as fresh poultry litter (i.e., directly removed from a house with 20,000 broilers) was found to have detectable levels of Salmonella and Campylobacter, but their levels were not detectable following outdoor storage at approximately 10°C for 7 d. Indeed, most applicators follow this general "rule of thumb" and store litter until needed (Meals and Braun, 2006) . Th is may be a simple method to reduce bacterial frank pathogens; however other bacteria may not be reduced as easily, as demonstrated by the presence of Staphylococcus and Enterococcus in the applied (post-storage) litter. Th ese genera may include antibiotic-resistant bacteria (ARB) which can and are known to be present in confi ned animal feeding operations such as poultry rearing (Kelley et al., 1998) . Th e occurrence of ARB, however, varies with poultry litter sources and growers. Th is current study looked at enterococci and staphylococci antibiotic resistance and determined that the majority of the runoff isolates were resistant to no more than two groups of antibiotics. Chi-square analysis, however, revealed that litter application runoff yielded more isolates which were resistant to at least one group of antibiotics when compared to the control group runoff . Th is may have been due to the overwhelming presence of recovered enterococci from the litter applied plots; although, chi-square analysis on recovered staphylococci isolates, which were readily recovered from both litter and control plots, revealed this to also be true. Enterococci represented the majority of resistant isolates, although most resistance was to polymixin B, which would historically not be used against a Gram-positive organism such as enterococci (Yao and Moellering, 2003) . Isolates were also resistant to cephalosporin, aminoglycoside, and tetracycline antibiotics. Th e genus Enterococcus is known for multiple antibiotic resistance and isolates detected from this study were consistent with this trend (Teixeira and Facklam 2003) .
It is not known whether land application of manure or other wastes increases the transfer rate or frequency of antibiotic resistance genes in soil bacterial populations, though some studies have hypothesized this occurs, albeit at relatively low transfer rates (Saye et al., 1987 (Saye et al., , 1990 . Additionally, waste application may lead to increased antibiotic resistant microorganisms in soil or surface waters through runoff , as a recent study by Selvaratnam and Kunberger (2004) demonstrated the presence of drugresistant bacteria (coliforms) downstream of a biosolids land application site. More recent work, however, found land application of biosolids did not lead to increased presence of ARB in soil (Brooks et al., 2007) . Th is area requires more careful and defi nitive studies for poultry litter and other waste by-products.
Although the results presented here were from an artifi cially simulated series of rain events and conditions, they nevertheless demonstrated that poultry litter can release signifi cant numbers and types of microorganisms to runoff . Field studies are needed using both simulated and nonsimulated rain events to determine potential for surface water contamination, over varying distances from the litter application site. In addition fi eld work will better demonstrate the eff ect of ambient climatic conditions, such as UV and temperature which are known to lead to enhanced reduction of vegetative bacteria (Straub et al., 1992; Hutchison et al., 2004; Zaleski et al., 2005) .
Grass buff ers and poultry litter subsurface application can be used to mitigate potential runoff to surface water, as has been shown with other waste application studies (Chaubey et al., 1994; Coyne et al., 1995; Coyne et al., 1998; Pote et al., 2003; Th urston-Enriquez et al., 2005; Tate et al., 2006) . It has been recently postulated that grass buff ers may not reduce bacterial runoff , due to the size of stressed bacteria and the colloidal fraction to which many may be attached (Dao et al., 2007) , however, most studies using grass buff ers have refuted this (Chaubey et al., 1994; Coyne et al., 1995 Coyne et al., ,1998 Pote et al., 2003; Th urston-Enriquez et al., 2005; Tate et al., 2006) . In addition grass may resist bacterial attachment due to the presence of a waxy cuticle which maintains the structural and physiological integrity of plant leaves.
Conclusions
Th is study was an initial step in determining future directions associated with poultry litter-associated rain runoff . Litter applications were linked to increased microbial release in the associated runoff . Because runoff events were artifi cial and runoff was collected immediately adjacent to the runoff tray, our results do not directly implicate the potential for surface water contamination at greater distances (>1 m). Results indicated that typical fecal indicators, such as total and thermotolerant coliforms, should not be solely used in the study of microbial runoff following litter application. Clostridium perfringens, staphylococci, and enterococci proved to be much better indicators of poultry litter microbial runoff . Future research should examine the eff ect of litter incorporation and grass buff ers on pathogenic and antibiotic-resistant bacterial loads in microbial runoff .
